In ecological systems, it is necessary to describe the trophic niches of species and their segregation or overlap to understand the distribution of species in the community. In oceanic systems, the community structure of top predators such as seabird communities has been well documented with many studies in several biogeographical areas. But for coastal habitats, very few investigations on the trophic structure have been carried out in avian communities. In this study, the trophic resource partitioning was investigated on eight of the most abundant species of a shorebird community on the central Atlantic coast of France. Our work comprised a comprehensive sample of birds with different ecomorphogical patterns and data on their main prey to encompass potential sources of overlap and segregation in this community. We examined the stable carbon (δ 13 C) and nitrogen (δ 15 N) isotopic composition of blood to investigate the trophic structure (1) on a temporal scale by comparing migration and wintering periods; (2) on a spatial scale through inter-site comparisons; and (3) on the community level 2 within groups of phylogenetically related species. Diets appeared different in several cases between periods, between sites and between juveniles and adults for the same sites. A clear trophic partitioning was established with four functional groups of predators in winter inside the community. The Grey Plover, the Bar-tailed Godwit, the Curlew and a majority of the dunlins were worms-eater mainly feeding on Nereis diversicolor or Nephtys hombergii Two species were predominantly deposit-suspensivorous mollusc-eaters, including the Red Knot and the Black-tailed Godwit feeding mainly on Macoma balthica. The Oystercatcher fed mainly on suspensivorous molluscs like Cerastodrema edule and two species including the Redshank and some dunlins adopted opportunistic behaviours feeding on mudflat and/or in marshes.
Introduction
Predator-prey relationships and their dynamics in space and time are among the fundamental basis of the structure of animal communities and their evolution (Paine, 1980) . Numerous theoretical models have attempted to define different aspects of food webs and their implications in the stability, complexity, connectivity and equilibrium of communities' parameters (Fussmann and Heber, 2002) . In order to understand the distribution of species in the community (e.g. Myers and Worm, 2003) it is necessary to describe the trophic niches of species and their segregation or overlap, as well as parameters including species richness, relative abundance and spatial or temporal variations. Previous studies have emphasized that the overlap in the diets of different organisms with possible intra-and interspecific competition for food influences the variation in composition of species in communities (Werner and Gilliam, 1984; Forero et al., 2004; Aguilera and Navarrete, 2011) . Progress in this domain is however restricted as it is difficult to deliver empirical evidence supporting theoretical developments in community ecology, especially for marine systems.
In marine systems, the structure of seabird communities established from specific trophic niches' comparison has been well documented from birds caught during their breeding season (e.g. Forero et al., 2004; Bearhop et al., 2006; Kojadinovic et al., 2008; Cherel et al., 2008; Jeager et al., 2010; Phillips et al., 2011) . But for shorebird communities very few investigations on the trophic interactions between predators on intertidal mudflat have been carried out. Most shorebird species are predators specialized on intertidal mudflat habitats during the non-breeding period (van de Kam et al., 2004; Colwell, 2010) . On the Western European coastline birds arrive in late summer-early autumn from their breeding sites in Northern Europe or Arctic latitudes, and part of them stay during the entire winter period on coastal wetlands (Delany et al., 2009) . Other populations use the same sites only as stopovers coming back from breeding sites in autumn or on route from wintering area from Africa in spring (van de Kam et al., 2004; Delany et al., 2009) . A dozen of species are common on the coast of Western Europe and forage exclusively or regularly on intertidal mudflat according to tidal rhythms (van de Kam et al., 2004) . Shorebirds commonly aggregate in dense, mixedspecies flocks feeding on the same areas (Burger et al., 1979; Metcalfe et al., 1989) . They feed on benthic prey from macrofauna communities (Yates et al., 1993; Zwarts et al., 1993; Meire et al., 1994) and smaller species may also ingest biofilm and microfauna (Kuwae et al., 2012) . The mechanisms by which species of shorebirds are segregated should involve the combination of diet, feeding area, feeding methods and behaviour (Baker and Baker, 1973) . Moreover, differences in bill morphologies and sizes inside the community of shorebirds are adapted for feeding on a subset of potential prey and should avoid competition. The functional relationships between bill morphology and diet should lead to specialization on a limited array of prey species (Nebel, 2005; Nebel, 2011) . Species should differ in selection of prey of different sizes, with larger-bodied species feeding on larger prey of wider size range and small-bodied species feeding on smaller prey with less variability in their selection.
Different methods such as stomach content or faeces analysis have previously been used to describe the diet and consequently contribute to define the trophic niche (Colwell, 2010) . But these methods, while they can give high degree of precision on prey type and size, are nevertheless time consuming and can thus not be applied to a high number of individuals.
An alternative and complementary approach to these methods is the measurement of naturally occurring stable isotopes in consumers and their prey (Layman et al., 2012) . The principle underlying this approach is that stable isotope deviations of nitrogen and carbon in consumers reflect those of their prey as they are enriched in a predictable manner. Conventionally expressed as δ 15 N (‰), the deviation of 15 N to 14 N generally exhibits a stepwise enrichment from 2 to 5‰ relative to dietary nitrogen (Kelly, 2000) . This discrepancy of δ 15 N is caused by a selective retention of the heavy isotope and excretion of the light one. It provides a tool for comparing the relative trophic level of various consumers living in the same environment.
The deviation of 13 C to 12 C (denoted as δ 13 C) is also enriched with respect to dietary carbon, but to a much lesser degree than δ 15 N, on the order of 1‰ (DeNiro and Epstein, 1978) . Stable isotope deviations also have the advantage of offering information on a larger time scale according to the isotopic turnover rates of the considered tissue, δ 15 N and δ 13 C measurements of multiple tissues providing dietary information on several days to several weeks (Hobson and Clark, 1992) .
In this study, the trophic resource partitioning in a shorebird community was investigated on the central Atlantic coast of France. On the same sites, previous diet investigations on Red Knot Calidris canutus (Quaintenne et al., 2010) and Black-tailed Godwit Limosa limosa (Robin et al., 2013) revealed a high degree of specialization on a low number of prey species. However, the number of species foraging at the same time on a same mudflat could be high, and relationships among them are unknown and poorly studied for shorebirds. Our work comprised a comprehensive sample of shorebirds and their main prey to encompass potential sources of overlap and segregation in the community. Our overall objective was to describe the trophic structure of a complex assemblage of shorebirds at different scales and determine the degree of ecological overlap/segregation among species.
More specifically, we investigated the trophic structure at multiple scales: (1) temporal in comparing migration and wintering; (2) spatial by inter-site comparison; and (3) among individuals and species within the same temporal and spatial conditions.
Materials and methods

Study sites and periods
The Pertuis Charentais, on the French Atlantic coast, are shallow coastal embayments formed by the islands of Oléron and Ré (Fig. 1 ). Protected by these offshore islands, the coastline is constituted of a series of muddy estuaries and bays followed by dyked-up polders and marshes reclaimed from the saltmarshes. The local wintering shorebird populations were studied at three sites ( Fig. 1 ): on Ré Island (46°13'N; 1°30'W) with c. 23,000 individuals for 20 species counted in mid-January 2010 in Yves Bay (46°02'N; 01°03'W) with c.10,000 individuals for 14 species; and on the main study sites of the Marennes-Oléron Bay, (45°53'N;
1°05'W) with c. 67,000 individuals for 18 species (Caillot and Elder, 2000-2010; Mahéo, 2011) . The study was carried out only during the non-breeding period and precisely during the post-breeding migration designated as the autumn stage (July to September) and the winter stage (October to March). Very few shorebirds breed in France and almost all the individuals in the Pertuis Charentais come from northern Europe, Siberia, Greenland or Arctic Canada after their breeding stage (Delany et al., 2009) . During autumn individuals migrating toward the African coast or southern Europe can mix with local wintering residents. The pre-breeding migration occurs in April and May for most of the species but some individuals of some species can stay locally during the stopover in March when coming from Africa or Iberia (Delaporte Pers.Com.). The birds were sampled in three different sites, distant from each other by only a few tens of kilometres but comprising distinct mudflat habitat characteristics.
The sites of Moëze and Yves are bare mudflats with soft sediment in Moëze and a gradient of sandy to muddy sediment in Yves Bay (Bocher et al., 2007) . In Ré island, on the intertidal area of the bay where most of the shorebirds forage, the mudflat is covered with a seagrass bed of Zostera noltii.
Capture and Sampling
Shorebirds were caught in mist-nets on high tide roosts during non-moonlit nights from February 2007 to November 2009. However, 68% of the individuals sampled was caught at the roost in the Moëze marshes in the Marennes-Oléron Bay (Table 1) . At the two other sites, the capture effort was concentrated between September and November 2007 or 2008. The number of individuals sampled per species, per site and per season depended on catching success and field facilities for sampling blood on birds in safe conditions. In this study, we retained only species most successfully caught and listed among the ten most common species in the Pertuis Charentais. These species were, from the smallest (c. 45g) to the largest (c. (Table  1 ). Feathers and whole blood were sampled from randomly selected birds, after which the birds were immediately released (Table 1) . Juveniles (JUV) considered as the individuals between their birth and the second moult in autumn were distinguished from adults (AD) using isotopic signatures in wing feathers (Atkinson et al., 2005 , Bocher et al., 2012 . It was however not possible to sex all individuals according to biometric or plumage characteristics.
The most common and abundant benthic invertebrate species and the microphytobenthos of adjacent tidal mudflat of Moëze marshes (main catch site) were collected on two stations at high and medium intertidal levels in February 2008. Terrestrial invertebrates were collected in Moëze marshes in March 2008. All the species were considered as potential prey for birds (van de Kam et al., 2004) and their isotopic signatures were established to provide values of food sources.
Stable isotope analysis and methodological considerations
Tissue sampling -The stable isotope analyses were performed on 1 cm 2 of the sixth primary feather cover and less than 300 µL of whole blood. Feathers are metabolically inert and for many long-distance migrants, this feather is moulted at the same time as the primaries (Hobson and Clark, 1992) and its isotope content is thus likely to be indicative of the post breeding moult area for adults (wintering grounds) or exclusively the breeding area for first winter birds (Atkinson et al., 2005) . In this study, feather signatures were only used to certify age of individuals and origin of birds coming from Africa during migration. Blood was extracted from the right jugular and kept in 75% ethanol. The entire blood sample was used (plasma + cells) and provided an indication on the diet according to an integrated signal over a time window of at least 20 days as described for the Dunlin Calidris alpina by Ogden (2004) .
In the laboratory -Feathers were washed to remove oil and dirt in a chloroform-methanol solution (2:1) in an ultrasonic bath for two minutes. Afterwards, they were rinsed in two consecutive pure methanol baths for a few seconds and dried at 40 °C for 48 hours. Each sample was then chopped using surgical scissors and accurately weighed out to between 0.3 and 0.4 mg. Whole blood stored in 75% ethanol was simply dried to obtain a powder. The samples were precisely weighed (± 0.001 mg) in a tin capsule for stable isotope analysis and were analyzed using an elemental analyzer (Flash EA 1112 fitted with a "No Blank" option, Thermo Scientific, Milan, Italy) coupled to an isotope ratio mass spectrometer (Delta V Advantage with a Conflo IV interface, Thermo Scientific, Bremen, Germany). The results are reported as per mil (‰) and are expressed in the δ unit notation as deviations from standards (Vienna Pee Dee Belemnite for δ 13 C and N 2 in air for δ 15 N) following the formula:
where δ isotope is the sample ratio ( 13 C or 15 N) relative to a standard (traceable to a primary international standard), and R is the ratio of heavy to light isotope ( 13 C/ 12 C or 15 N/ 14 N) in the sample or standard. δ 13 C and δ 15 N are reported relative to their primary international standards. The analytical precision of the measurements was < 0.06 ‰ and < 0.1 ‰ for carbon and nitrogen, respectively. In the analysis, δ 13 C and δ 15 N were expressed as mean ± SD. Most common and abundant tidal and marsh macro invertebrates for the Moëze site were collected by sieving the sediment in the field and were kept alive for 36 hours in filtered seawater to allow gut content evacuation, before storage at -20°C or -80°C. They were treated following the same method as for blood samples. After drying and crushing; when necessary, samples were acidified to remove carbonates. The isotopic signatures are listed in Table 2 .
Isotopic niches
The isotopic niche positions were examined following Turner et al. (2010) . This approach is developed on the convex hull metrics first described by Layman et al. (2007) . According to Turner et al. (2010) , we used nested linear models and residual permutation procedures to create and compare measures of central tendency for each population. The isotopic niche locations are considered to be different if the Euclidean distance between the two species is significantly greater than zero. P-values of metrics comparisons were obtained running R script from Turner et al. (2010) in Ecological Archives E091-157-S1.
Statistics
Differences between situations (Species, site, age and season) were analyzed by Nested
PERMANOVAs for each factor with species nested in site and using unrestricted permutations of data with 9999 permutations, followed by a Barlett test pairwise comparisons if significant differences were detected among treatments. Statistical tests were performed with R software. Values are means ± SD.
Results
Individual values per species
Considering the results for the 550 individuals sampled from the eight species during the complete study period (July-March), all the blood δ 15 N values were comprised between 3.0‰ and 17.0‰ and the blood δ 13 C values were comprised between -28.0‰ and -8.0‰ (Fig. 2) .
However, most of the individuals' values in winter were restricted to narrower ranges, 
Inter-factor comparisons
Significant inter-specific differences in δ 13 C or δ 15 N within shorebirds of the Pertuis Charentais were recorded (Table 2) when considering species nested in site, every site for all ages and between the two seasons. The nested PERMANOVA performed for all shorebird species showed that δ 13 C and δ 15 N signatures were strongly influenced by all the factors (Table 2) . Overall, the interactions between several factors were significant with the site factor for δ 13 C but with influences of age when combined with others factors. For δ 15 N values, the Age factor appear as the less discriminant factor but only when combine with others factors and especially with species nested in site with no significant differences (Table 2) .
Inter-and intra-specific niche comparisons in winter
Considering that in autumn, the isotopic signatures were highly variable because of the movements of the migrating individuals, trophic comparisons of the eight species were particularly focused on the winter season at Moëze where the highest number of birds was sampled. However, no H. ostralegus individuals had been caught in Moëze, so those of Yves were used for comparison. The mean stable nitrogen and carbon isotopic values for the eight shorebirds species are presented in Appendix A with the mean values of the most abundant marine (mudflat) and terrestrial (marshes) invertebrates considered as potential prey. C.
alpina individuals in winter were clearly and visually divided in two groups in Figure 2 according to their δ 13 C values. Consequently, this species was divided in two sets:
CALPALP1 with the individuals having δ 13 C < -17 ‰ and CALPAP2 with the individuals above this value (Table 2 ). For T. totanus, most of the birds were caught in March and some of them were identified as individuals coming from Africa according to the isotopic signatures in their feathers. These individuals were therefore subsequently excluded for mean calculation considering the probability that they had just arrived from remote wintering areas. Among invertebrates, the shrimp Crangon crangon had the highest trophic position. All the worms had similar signatures displaying high values of δ 15 N and δ 13 C (Fig. 3 ). The depositsuspension feeding bivalves Scrobicularia plana, Macoma balthica and Abra tenuis with the gastropod Hydrobia ulvae formed another group of species with close δ 13 C values but with lower δ 15 N values than the previous cited species. Both strict suspension feeding bivalves Cerastoderma edule and Ruditapes philippinarum had close signatures with much lower δ 13 C values. Among potential prey on intertidal mudflat, the microphytobenthos, mainly made of unicellular algae, was at the base of the food web with clearly the lowest δ 15 N values; near 7‰.The terrestrial invertebrates were clearly distinct from all marine invertebrates with very low δ 13 C signatures, below the value of -22‰.
Discussion
Specific studies on feeding ecology of shorebirds are common and especially for very well studied species like the Red Knot (Piersma and van Gils, 2011) or the Oystercatcher (Blomert et al., 1996) . Nevertheless, they are rare at the level of the community and comparisons of trophic niches are often limited to habitat selection by visual observations on the field (e.g. Colwell, 1993; de Boer, 2002; Lopes et al., 2005; Jing et al., 2007) . To the best of our knowledge, this study is the first comparison attempt focusing on the trophic niches of eight shorebird species and resource partitioning based on isotopic signatures in blood with more than 500 sampled individuals.
The multivariate analysis of all the data showed a strong effect of season, age and species on both isotope element signatures. Interactions between factors were not easy to discriminate but the site does not appear as the most discriminating factor when combined with others. The limited sample sizes for some combination of factors could limit the possibilities of comparisons. Nevertheless, differences between seasons could be clearly due to the early arriving of some individuals in August or September with isotopic signatures corresponding to prey collected on previous stopover sites on their migration route.
Differences in isotopic signatures between juveniles and adults are largely variable in all
intra-site and intra-season comparisons. When differences were significant the adults always had higher mean isotopic values than the juveniles. Morphologically, juveniles tend to be smaller than adults and their bills are shorter (Cramp and Simmons, 1983) . Furthermore, they are inexperienced when arriving for the first time on wintering sites. Consequently, it is expected that juveniles would specialize on a smaller and more easily manipulated variety of prey than adults (Puttick, 1978; Goss-Custard and Le V. dit Durell, 1983; Fasola et al., 1996) .
This difference in foraging ability may cause juveniles to specialise on different prey types or different feeding methods from adults (Le V. dit Durell, 2000) . Moreover, juveniles could be subdominant to adults and thus often be forced to feed in less-profitable habitats and on lessprofitable prey.
The inter-specific comparison including all species was focused on Moëze in winter because it counted the highest number of samples. The shorebird community structure was thus considered as stable and not modified by migrating individuals from other populations. The influence of each functional group of prey on the position of shorebirds' isotopic niches were deduced from the comparisons of the positions of their own trophic niche and the trophic enrichment between prey and predator (Kelly, 2000) . Four species: Grey Plover, Dunlin, Bartailed Godwit and Curlew were located at the highest trophic levels. It was unexpected that Dunlin, the smaller species of the community was located at the same trophic level as the largest one: the Curlew. Worms are generally the predominant prey of Grey Plover (Cramps and Simmon, 1983) , Bar-tailed Godwit (Scheiffarth, 2001; Duijns et al., 2009 ) and Curlew (Boileau and Delaporte, 2012) . At Moëze, worms are at the highest trophic level among mudflat macro-invertebrates. Therefore, it is likely that a diet based on worms would result in high trophic level in the predators. Dunlin, Bar-tailed Godwit and Curlew can probe the mud when foraging but with different depth abilities according to the size of their bill. Dunlins can reach a maximum depth of c. 4 cm while bar-tailed godwits can probe through a maximum depth of c. 11 mm and curlews to c. 17 cm (Table 1) . Grey Plover has a very short bill compared to his mean body mass and chase visually on the mud surface. Consequently, even if they feed on the same category of prey, they do not have the same abilities to catch the same size of worms and possibly not the same species either.
Between the four species, the Dunlin had the largest size of the isotopic niche which is probably explained by a more generalist diet than the others species (Dierschke et al., 1999) .
Therefore, this strictly marine diet only concerned a part of the sampled dunlins (CALALP2).
Others individuals (CALALP1) displayed different behaviours with isotopic signatures in blood approaching terrestrial signatures of potential sources. These individuals, caught during the entire winter period, complemented their marine prey by terrestrial ones in marshes (place of catching). However, some of them probably feed mostly in marshes as they do at Ria de Aveiro in Portugal (Luis et al., 2002) .
The diet of red knots and black-tailed godwits were previously studied by faeces analyses in Moëze and both species were described as strictly molluscivorous. Red knots preyed mainly on the very abundant gastropod Hydrobia ulvae in winter (Quaintenne et al., 2010) and blacktailed godwits ingested mostly the bivalve Macoma balthica ignoring other species (Robin et al., 2013) . These diets on deposit or deposit-suspensivorous molluscs explain the lower trophic position of both species and the observed differences with the guild of worm-eaters.
The larger variability in δ 15 N signatures noticed for godwits could be due to their larger prospecting/feeding area including the edging mudflats of the Charente Estuary located between Yves and Moëze dwelling M. balthica from with higher δ 15 N values due to higher enrichment by the river discharges.
The Oystercatcher and the Redshank showed no significant differences of their mean signatures while the isotopic niche of Redshank was much larger with high variability of the signatures. Oystercatchers are fairly rare in Moëze because of the muddy character of intertidal area. The position of isotopic signatures and the narrowness of the isotopic niche compared to the other species suggest that they feed mainly on two of their usual prey: the cockle Cerastoderma edule (Blomert et al., 1996) and the clam Ruditapes philippinarum (Caldow et al., 2007) , even if signatures of these species were provided from Moëze and not from Yves. The Oystercatcher is the only species of the eight studied species that is able to feed on large size suspensivorous molluscs thanks to its hammered bill (Swennen et al., 1983 ).
It is not very likely that redshanks feed mostly on cockles and clams as do oystercatchers. In Europe, their diet on intertidal mudflats is composed of a large variety of prey (Goss-Custard and Jones, 1976) but they can seasonally shift on other feeding habitats like marshes or saltworks (Masero and Pérez-Hutardo, 2001; Sánchez et al., 2005) . Consequently the high variability of signatures for this species and the mean position of the isotopic values between marine and terrestrial prey could indicate that individuals have different feeding strategies in the area between marshes and mudflats or/and they feed on a wide variety of prey in each of the habitats. The Redshank appears as the most generalist species with the highest variety of prey collected and feeding habitats visited.
In this study, we did not detect direct ingestion of biofilm by dunlins as noticed for the species in some sites on the Pacific coast (Kuwae et al., 2012) . Most of species specialized in biofilm feeding are among the smallest species of shorebirds like the Western Sandpiper Calidris maurii (Kuwae et al., 2008) or Semipalmated Sandpiper Calidris pusilla (mac Donald et al. 2012 ) restricted to north and south Americas. These sandpipers are equipped with an unique tongue papillae, and the keratinized lateral spines along the edges and at the tips of the western sandpiper tongue are markedly longer and denser than for those of the dunlin to ingest biofilm from the mud surface . But the species from this group are relatively rare in Western Europe or only present for short period during spring and autumn migration. Nevertheless, the biofilm occupied a central position in the trophic web of intertidal mudflat and constitute the food for most of the macrofaunal species like Hydrobia ulvae (Pascal et al. 2008) , Macoma balthica (van Colen et al. 2010a , van Colen et al. 2010b or Nereis diversicolor (Colen et al. 2010b, Rossi and Middelburg, 2011) and highly probably Neanthes succinea as indicated in figure 3 . These species constitute the bulk of prey for most of the avian predator foraging on mudflat.
In conclusion, the stable isotope analyses in this study have yielded several unique insights into the foraging ecology of this guild of shorebirds. Four groups of shorebirds can be discriminated inside the community and outside ecomorphological patterns considerations:
four species were predominantly worm-eaters (Grey Plover, Bar-tailed-Godwit, Curlew and a majority of the dunlins), two species were predominantly depositit-suspensivorous mollusceaters (Red Knot and Black-tailed Godwit), one species was predominantly suspensivorous mollusc-eater (Oystercatcher) and two species adopted opportunistic behaviours feeding on mudflat and/or in marshes (Redshank and a fraction of the dunlins).
Inside these trophic groups, resource partitioning could be due to several factors despite overlap in prey choices. Species could be distributed differently on the intertidal area with larger species possibly excluding smaller ones from the most profitable feeding areas.
Common resource can be shared according to prey size selection. In any case, if resources are sufficiently abundant and not limiting, then competition between species does not occur and prey selection is only made according to the morphological and physiological characteristics of each species. For shorebirds, analyzing stable isotope values in whole blood appears to be a reliable method for investigating food and feeding ecology during the entire non breeding period and to directly compare species with a less time consuming method. However, the method is at its most powerful when combined with other conventional (feces or stomach content analysis) and non-conventional (bio-logging) approaches. This study is not only important from an ecological point of view but also has pertinent implications for the conservation of these species. The narrow trophic niches of some shorebird species in the study area and their dependence on a limited number of prey species could make them highly vulnerable to the reduction of invertebrate stocks.
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